In this paper, we report a novel approach for the development of plug-and-play microvalves and micropumps, which can be used as pre-fabricated off-the-shelf components for easy and rapid integration with microfluidic chips, especially with rigid thermoplastic chips. These components can be used for flow control and as a reversible electrical switch for electrical fields. The microvalves can withstand hydraulic and pneumatic pressures of 600 kPa while the micropumps can generate liquid flow rate of up to 85 µl/min.
INTRODUCTION
Because of essential role of flow control and manipulation for microfluidic applications and lab-onchip devices, many investigations have been carried out to develop microvalves and micropumps. Examples of deploying microvalves can be found for cell culture assays, microfluidic drug screening, single cell analysis and droplet microfluidics. Silicon-based microvalves and micropumps were developed at the early stages of microfluidic progress using surface and bulk micromachining technologies. For the last 15 years, different polymers have been adopted for development of microvalves and micropumps taking advantage of cheaper materials and easier fabrication methods. Generally, a microvalve is made of a flexible diaphragm sandwiched between a control chamber and a liquid chamber. Upon the deformation of the diaphragm by an external means, flow inside the fluidic micro channel can be manipulated. In terms of fabrication process, microvalves are generally categorized into (i) built-in microvalves and (ii) pre-fabricated microvalves. Diaphragm is generally made of PDMS. Because of its small footprint, e.g. 100 µm × 100 µm, the built-in microvalve concept enables microfluidic large-scale integration with pneumatic actuation, which is suitable for high throughput cell culture and single cell analysis. Prefabricated microvalves [1] can be fabricated in advance and then integrated with a pre-fabricated microfluidic chip. In contrast to built-in microvalves, these microvalves have larger foot prints at millimeter scale. Because of the ease of incorporation, such microvalves are suitable for plug-in-and-play applications where low-density integration of microfluidic components is required. Some explored applications are gradient generators, immunoassay and on-chip lifelong observation of C. elegans.
In this paper, we reported our development of plug-in-and-play pre-fabricated microvalves and micropump with easy integration with thermoplastic microfluidic chips.
DESIGN AND FABRICATION
As shown in Figure 1 , the normally-open microvalve consists of a flexible diaphragm, made from thermoplastic polyurethane (TPU), sandwiched between a liquid chamber and an air chamber on a PMMA substrate. Upon increasing pneumatic pressure inside the control chamber, the 5.0 mm diameter diaphragm is deformed downwards at the liquid chamber to stop the liquid. The three layers were bonded together through thermal fusion without the requirement of surface treatment. This microvalve, which size is 6.0 mm  6.0 mm  6.0 mm, is then mounted on a commonly fabricated microfluidic chip, connecting the fluid conduit through the inlet and outlet ports of valve. We used finite element software ANSYS 11.0 to simulate the deflection of the diaphragm with a 2-D axisymmetric model. Figure 2 shows FEM analysis of the contact pressure between the diaphragm and the valve seat at a pressure of 100 kPa, where most of the contact region kept a contact pressure of over 100 kPa, sufficient for leak-free valving. 
RESULTS AND DISCUSSION
We examined the microvalve functionality under different operating pressures. Failure of the microvalve was observed only beyond 600 kPa pneumatic pressure. Leak-free valving was observed at low hydraulic pressures. Minor leakage was observed at the diaphragm-valve seat interface only after the hydraulic pressure approaches the pneumatic control pressure, which rate was documented in Figure 3 . We further demonstrated the microvalve integration on DNA electrophoresis chips. Whole channel was filled with buffer solution and subsequently the left channel was filled with agarose gel. A potential of 110 V was applied to electrodes and DNA molecules travelled 6.5 mm toward the positive electrode in 18 minutes. Then the microvalve kept closed for 6 minutes under pneumatic pressure of 250 kPa. A DNA movement (less than 0.1 mm) was observed, which can be related to diffusion phenomenon. After that, pneumatic pressure was removed to open the valve, and a movement of 2.4 mm was observed within 6 minutes. This observation indicated that the pneumatic-actuated microvalve was able to isolate two adjacent fluidic chambers as a reversible electrical switch. Additionally, a plug-and-play peristaltic pump was successfully realized by consecutive integrating three valving structures into one module [2] , where the deflections of three pneumatic-actuated TPU diaphragms can generate a peristaltic-like effect and drive the fluid forwards. We investigated the effect of downstream pressure on the pumping rate as shown in Figure 4 . As the downstream pressure at the discharge port was increased from 12 mm to 42 mm (water height in mmH 2 O), pumping flow rate decreased from 82 µl/min to 55 µl/min. 
CONCLUSION
This paper reported the fabrication and characterization of microvalves and a micropump made of thermoplastic elastomers. No particular surface treatment is required for bonding process. Fabricated microvalves can be easily sterilized and autoclaved. The plug-and-play design made them as off-the-shelf functional elements with easy integration onto thermoplastic microfluidic chips. Moreover, materials exploited for microvalve fabrication enabled using thermoforming process, particularly injection molding method for mass production.
